We developed a rehabilitation robot to assist hemiplegics with gait exercises. The robot was combined with functional electrical stimulation (FES) of the affected side and was controlled by a real-time-feedback system that attempted to replicate the lower extremity movements of the non-affected limb on the affected side. We measured the reproducibility of the non-affected limb movements on the affected side using FES in non-disabled individuals and evaluated the smoothness of the resulting motion. Method: Ten healthy men participated in this study. The left side was defined as the non-affected side. The measured hip and knee joint angles of the non-affected side were reproduced on the pseudo-paralytic side using the robot's motors. The right quadriceps was stimulated with FES. Joint angles were measured with a motion capture system. We assessed the reproducibility of the amplitude from the maximum angle of flexion to extension during the walking cycle. The smoothness of the motion was evaluated using the angular jerk cost (AJC). Results: The amplitude reproduction (%) was 87.9 ± 6.2 (mean ± standard deviation) and 71.5 ± 10.7 for the hip and knee joints, respectively. The walking cycle reproduction rate was 99.9 ± 0.1 and 99.8 ± 0.2 for the hip and knee joints, respectively. There were no statistically significant differences between results with FES versus those without FES. The AJC of the robot side was significantly smaller than that of the non-affected side. Conclusions: A master-slave gait rehabilitation system has not previously been attempted in hemiplegic patients. Our rehabilitation robot showed high reproducibility of motion on the affected side.
INTRODUCTION
A basic premise of motor learning rests on the notion of high-volume repetition and task-oriented training. Treatments based on this premise have become a major area of focus for research in post-stroke motor function recovery. [1] [2] [3] For such high-frequency training, robot rehabilitation is considered useful. Because robots can be programmed to assist in a variety of goal-oriented movements, they can enrich conventional physiotherapy and optimize post-stroke gait rehabilitation.
Most existing robotic devices are designed to reproduce a predetermined trajectory or are used as auxiliary support only for gait. Consequently, the use of such robots means that the patient has to learn a new method of walking that is different from normal walking. To acquire a new gait entails not only regaining lost motor function, but also learning sensory function. Therefore, it potentially takes time to reacquire gait function. We developed a feedback system based on data from the motion of the non-disabled lower extremity. Data were acquired from nine-axis sensors (using accelerometers, gyroscopes, and geomagnetometers). Using the data from the non-disabled limb, the robot reproduces the motion in the disabled lower limb. We hope to improve the efficiency of learning exercises by employing an errorless learning approach that reproduces as closely as possible the movement of a normal gait in the affected limb.
Waste atrophy occurs in the muscle of paralyzed limbs when automatic exercise capacity is low. Therefore, it is necessary to reacquire atrophied muscular strength while waiting for the paralysis to improve. However, it is difficult to reacquire muscle strength in a paralyzed limb. Nonetheless, improved muscle strength is important to promote the improvement of paralysis. By using functional electrical stimulation (FES), walking training supported by automatic muscle contraction is possible early after the occurrence of disability. Muscle contraction invoked by FES can cause muscle fatigue, but Shimada et al. reported that a hybrid FES and orthosis reduced the need for electrical stimulation, thereby minimizing muscle fatigue. 4) The assist function of the robot makes it possible to continue walking training even if muscle fatigue occurs.
To the best of our knowledge, no study to date has examined the use of FES and feedback systems based on the motion of the non-disabled lower extremity. We developed a rehabilitation robot to assist hemiplegics with gait exercises. The system includes FES of the affected side and real-time feedback of the movements of the non-affected limb to the affected side. However, the level of reproducibility of the feedback system is unclear. The purpose of this study was to evaluate the reproducibility of the non-affected lower limb movements on the affected side using FES in non-disabled individuals. We compared the reproducibility with FES versus that without FES and evaluated the smoothness of the resulting motion.
METHODS
Ten healthy men (aged 22-24 years) participated in this preliminary experimental investigation. The robot design was based on hip-knee-ankle orthosis, and the left side was defined as the non-affected side ( Fig. 1) . By reproducing the movement of the non-affected half-gait cycle in the next affected-side half-gait cycle, we obtained feedback and re- Fig. 1 . Gait rehabilitation robot. The robot includes a functional electrical stimulation system for the affected side and a real-time-feedback system that attempts to reproduce the lower extremity movements of the non-affected limb on the affected side.
produced one full gait cycle in real-time. Both hip and knee joints were flexible in the direction of flexion-extension: hip joints were flexible from 45° of flexion to 45° of extension, and knee joints were movable from 75° of flexion to 20° of extension. The motor-assist torque could be changed from 0-100% as necessary for walking. Nine-axis sensors (IMU-Z2, ZMP Inc., Tokyo, Japan) were attached to the thigh and lower leg of the non-affected side. The measured hip joint and knee joint angles of the non-affected side were reproduced on the right, pseudo-paralytic side using the robot's motors in real time. The quadriceps femoris muscle of the right side was stimulated with FES (Dynamid, DM2500, Minato Medical Science Co., Ltd., Osaka, Japan) from terminal-swing to mid-stance. Stimulation was performed on the motor points, as confirmed by palpation of the superior iliac spines and femoral lateral condyles 5) (Fig. 2) . The stimulus setting was 25 Hz and 20-25 mA; it was set at the minimum stimulus that caused knee extension movement as the rest motor threshold.
The participants walked with the robot's full assistance for 3 min with FES and 3 min without FES at a rate of 0.8 km/h; joint angles were measured using the OptiTrack motion capture system (Trio V120, NaturalPoint, Inc., Oregon, USA). The sampling rate of the axis sensors and the motion capture system was 50 Hz. We assessed the rate of reproducibility of the amplitude from the maximum angle of flexion to extension and throughout the walking cycle of each participant. We compared the mean reproducibility both with FES and without FES. To evaluate the smoothness of each joint motion, angular jerk was determined by differentiating the angle of each joint three times with respect to time in the three groups: control (normal gait), with FES, and without FES. In addition, referring to the report of Flash et al., 6) the sum of the angular jerks (i.e., the angular jerk cost, AJC) was calculated. Smaller AJC values indicate that the movement of each joint is smooth.
This study was approved by our institution's ethics committee. All individuals participated voluntarily and provided written informed consent.
Statistical Analysis
The reproduction rates of the amplitude and walking cycle with and without FES were compared using the paired t-test. AJC was compared using one-way ANOVA. All statistical analyses were conducted using EZR (Saitama Medical Center, Jichi Medical University, Saitama, Japan). 7) P values of <0.05 were considered statistically significant.
RESULTS
The reproduction rate (%) of amplitude and the walking cycle are shown in Table 1 . There were no statistically significant differences between values with FES and without FES. Figure 3 shows the results of AJC. In both joints, the AJC of the robot side was significantly smaller than the nonaffected side. There were no significant differences between the three groups in both non-affected side's joints.
DISCUSSION
We developed a rehabilitation robot to assist hemiplegics with gait exercises. The system includes FES of the affected side and a real-time-feedback system that gathers data from the lower extremity movements of the non-affected limb for application to the affected side.
In patients with central nervous system disorders, the peripheral nerves and their dominant muscles maintain electri- cal excitability, and control by FES can support walking. 8) In conventional rehabilitation robots, because the driving force is a motor or similar device worn outside the body, assistance is possible, but it is difficult to stimulate the paralyzed muscle directly to activate it. By using FES together with a robot, it is possible to directly stimulate the lower limb muscle during walking exercise. This approach is hoped to combine the assistance effect from the robot and a training effect on the paralyzed muscle. 9) FES produces activity in the bilateral somatosensory cortices (SMC), which is seen to continue over time. 10) Furthermore, activation is bilateral and extensive before stimulation, but localized to the SMC after intervention. 10) By simultaneously performing FES and voluntary movement, decreases in blood flow in the non-affected-side sensorimotor cortex and increases in blood flow in the affected-side sensorimotor In the both joints, AJC of the robot side was significantly smaller than the non-affected side. There were no significant differences between the three groups in both non-affected side's joints and the FES and without FES groups. cortex have been documented. 11) When multiple devices operate in cooperation, the control side is termed the master and the controlled side is termed the slave. A master-slave system is used in robotic surgery 12) and in an upper limb rehabilitation robot. 13) Such a master-slave robot can achieve an adequate trajectory for an individual patient without any previous data or calculation. For hemiplegics, a master-slave robotic rehabilitation system for the lower limb that uses a feedback system from the non-affected limb has not before been attempted. However, it is encouraging that the reproducibility of the movement of the lower limb could be confirmed using such a system in the current study.
Previous rehabilitation techniques have tended to emphasize reinforcement of residual functions and the use of compensatory functions, rather than aiming for recovery through active intervention designed to address the functional impairment. However, in recent years, experimental proof that plasticity exists in humans has been presented, 14) and there have been impressive developments in regenerative medicine. With the goal of attaining functional recovery by taking plasticity into account, we are entering a new era of building effective strategies to develop improved rehabilitation techniques. Currently, three factors affecting the development of rehabilitation need to be addressed: dose dependency, task specificity, and neural plasticity. 15, 16) These techniques represent neuro-rehabilitation, the basic strategy of new rehabilitation methods trying to match the exercise image with sensory feedback.
Tactile experience based on somatosensory feedback is important for restoring motor function after stroke. 17) Based on our results, our rehabilitation robot showed high reproducibility and accuracy compared with the results of Ota et al. 18) In the future, we will proceed with reliability testing with hemiplegic patients and aim for practical applications of this new gait rehabilitation robot for the treatment of hemiplegia.
Our results demonstrated the noninferiority of reproducibility of lower limb movement using the robot system with FES versus the robot system without FES. The combined use of the robot system and FES did not adversely affect the smoothness of joint motion. In fact, application of the robot and FES maintained the smoothness of walking. Consequently, it may be possible to reproduce normal walking conditions, which may help to improve rehabilitation effects.
This study has some limitations. First, the study participants were healthy volunteers, and were thus different from paralyzed persons. Nevertheless, there were no differences in the support mechanism provided by the robot. Secondly, the FES intensity was low. In future studies, to further optimize the stimulus intensity, we will verify the effects of FES intensity on rehabilitation outcomes. Third, we confirmed the accuracy of lower limb movement reproducibility at a relatively low speed. Furthermore, we measured the AJC to determine whether the movement was disturbed by the robot system. However, AJC levels did not show the effectiveness of the master-slave system and the rehabilitation effect. In future investigations, we will examine the accuracy of the movement and the rehabilitation effect at different walking speeds and torque levels to optimize improvements in paralysis. Fourth, because of limitations in the robot's joint movements, the maximum movable range could not be replicated, and thus reproducibility was reduced. However, in hemiplegic patients, the maximum movable range of articulation may be less than that in healthy subjects. We will consider expanding the range of motion of the robot's joints in future research.
In conclusion, we developed a rehabilitation robot that includes FES of the affected side and a real-time-feedback system that attempts to reproduce the lower extremity movements of the non-affected limb on the affected side. The reproducibility of the non-affected lower limb movements on the affected side was high.
